This study develops some components to complete a management-oriented dynamic model system for simulating current and future volume and biomass of even-aged stands of managed downy birch (Betula pubescens Ehrh.) in Galicia (NW Spain). The specific components developed are a mortality equation, a basal area growth equation, a diameter distribution prediction system and equations for total and component biomass prediction. Functions to predict decreases in number of trees per hectare and basal area growth were simultaneously fitted using Nonlinear Seemingly Unrelated Regression (NSUR) and a base-age invariant dummy variable method; critical errors of 19 and 16 per cent were obtained, respectively, when projections were made. The Weibull function modelled successfully all but four of the 198 diameter distributions examined, using the parameter recovery method through moments. To predict components and total aboveground biomass, a system of additive equations was simultaneously fitted using the generalized method of moments (GMM), which takes into account heteroscedasticity and inherent correlations among the biomass components. A two-step fitting procedure was used because of the different number of observations for the components considered. The biomass equations explained more than 85 per cent of the observed variability. The Galician birch stands which were surveyed were found to have grown by 3 -10 m 3 ha 21 year 21 in volume and by 2 -8 Mg ha 21 year 21 in aboveground total biomass, with rotations between 30 and 60 years. The model system now forms an accessible decision support system for forest management and land development in the region.
Introduction
The Betula genus is distributed throughout most of Europe, where it is represented by four species, two of which are trees: downy birch (Betula pubescens Ehrh.) and silver birch (B. pendula Roth.). In Spain, these two taxa freely hybridize and their taxonomy is somewhat confused, with each one possessing a number of different nomenclatural identities (Castroviejo et al., 1990) . Although B. pubescens (also referred to as B. alba L. and B. pubescens subsp. celtiberica Rothm. & Vasc.; Castroviejo et al., 1990 ) is an important fast growing pioneer tree species in Galicia (north-western Spain), there is a lack of reference information regarding its silviculture and management. In contrast, growth and yield research on birch has been relatively active in northern Europe (Hynynen et al., 2010) .
With data from a first inventory of a network of plots covering a wide range of ages, densities and sites in the distribution area of the species within this region, it has been possible to develop static growth models, which may work well in unthinned or infrequently thinned stands (García, 2001 ), but they do not reflect accurately the evolution under more intensively managed conditions (Castedo Dorado et al., 2007a) . The re-measurement of such plots has provided information about the trajectories of the main stand variables over time, which allows the construction of dynamic growth equations. These equations (also referred to as transition functions in this study) have the general form (omitting the vector of model parameters) of Y 2 ¼ f(t 2 , t 1 , Y 1 ), where Y 2 is the value of the function at age t 2 , and Y 1 is the reference variable defined as the value of the function at age t 1 . These dynamic models will offer a better description of the development (according to specified management intensities) of a stand over time than static models (García, 1988) , and are therefore preferable for simulation purposes.
Although dynamic whole-stand growth models represent a good compromise between generality and accuracy of estimates, and directly project information that is easily obtained from inventory data (Vanclay, 1994; Gadow, 1996; García, 2003) , modern forest management decisions increasingly require more detailed information at the tree level. For this purpose, stand estimates at a particular point in time can be disaggregated mathematically in order to estimate tree variables, and then total tree volume (ground to tip) or merchantable volumes (i.e., the merchantable part of the tree can be subdivided into logs for transport, use or processing), and total tree or tree component biomass. Such estimation of forest biomass and carbon stocks has gained importance as a result of reporting requirements to the United Nations Framework Convention on Climate Change and the Kyoto Protocol. In addition, the need to reduce fossil fuel dependence has resulted in the consideration of otherwise non-merchantable parts of the tree and even the whole tree as a useful renewable source of biomass, particularly during early stages in stand development. Zianis et al. (2005) carried out a review of the volume and biomass equations developed for forest species in Europe, and found 607 biomass equations, but very few of these had been developed for species common to the south of the continent. Montero et al. (2005) developed power equations for tree components' biomass estimation for 32 forest species (including birch) in Spain, which were intended to quantify the carbon stocks and the potential of Spanish forests as carbon sinks. Because these equations only depended on diameter at breast height and did not fulfil the additivity property (the sum of the estimated biomass of the different components equals the estimated biomass of the total; Cunia and Briggs, 1984; Parresol, 1999) , new equations (except for birch) were developed that incorporated this desirable characteristic and included also total height as an independent variable (Ruiz-Peinado et al., 2011 , 2012 .
Thus, to equip forest management with the precise quantification and projection of stocks to satisfy the increasingly diverse array of demands for goods and services from forests, this study aims to complete a management-oriented, dynamic, disaggregated model system for the simulation of the growth of even-aged birch stands in Galicia. In this study, we specifically developed dynamic equations to estimate the number of trees and basal area per hectare, the diameter distribution function and the output functions for biomass prediction (see Figure 1 ). For the purpose of completeness, the system equations previously developed are included in the Appendix.
Materials and methods

Data
The data used were obtained from two different sources. Summary statistics of the main stand and tree variables used in model development are shown in Table 1 . For the production of the first of these datasets, a network of 137 plots was established in even-aged, birch-dominated stands (85 per cent or more of the standing basal area consisted of birch) during the winters of 1997 -1998, 1998-1999 and 2000-2001 . The plots were located throughout the area of downy birch distribution in Galicia, and were subjectively selected to represent the existing ranges of ages, stand densities and sites. The age in planted stands was established using the planting records, while in natural stands it was determined by counting the number of rings at stump height in dominant trees. All trees in each sample plot were numbered. Two measurements of diameter at breast height (1.3 m above ground level) were made (at right angles to one another) to the nearest 0.1 cm using callipers, and a mean was calculated. Total tree height in each plot was measured to the nearest 0.25 m with a hypsometer in a random sample of 30 trees (all plots contained more than 30 trees). Additionally, undamaged, dominant trees representing the 100 largest-diameter trees per hectare were selected for site index determination. Other descriptive variables for each tree were also recorded (e.g. form, quality, living or dead, etc.). Because many plots were disturbed by forest fires or tree cutting, only a subset of 50 of the initially established plots was re-measured in the winter of [2007] [2008] . The data from these temporal or permanent plots were used to develop the number of trees per hectare and stand basal area transition functions and the diameter distribution function.
The second dataset contained data on 50 trees felled in the winter of 2002-2003 and in the summer of 2009, which were used to develop tree biomass equations. The trees were selected outside the research plots, but in the same stands. Trees of different sizes and crown classes were included, but trees with deformities or situated close to stand edges were rejected. Total tree biomass was divided among four components: biomass with diameter .7 cm (including stem and branches), branches with diameters from 2 to 7 cm, branches with diameters ,2 cm and leaves. The foliage component was only present in the 34 trees sampled in the summer of 2009. The wet weight of components and the differences between the wet and dry weights of samples (dried in an oven at 65 8C until constant weight) were used to determine total dry biomass for each component of each tree. Data for branches with diameter ,2 cm collected in the winter of 2002-2003 showed significant differences in dry density to those collected in the summer of 2009. The conclusion reached was that the sample of branches with diameters ,2 cm collected in 2002 -2003 may not have been sufficiently dried. Therefore, the fit of the model for this component was carried out using the data of the 34 birch trees felled in the summer of 2009.
Model system structure
The basic structure of our model system, outlined in Figure 1 , can be classified as a statistical, disaggregated, non-spatial, deterministic, stand model (Weiskittel et al., 2011) , which was based on the state-space approach (García, 1994) . The model developed is similar in structure to those developed by Diéguez-Aranda et al. (2006a) and Castedo-Dorado et al. (2007a) for volume estimation for radiata and Scots pine, respectively. In comparison to these models, an advantage of this model system is its ability to predict biomass as well as volume. The present methodology also advances the work by those authors through the simultaneous fitting of transition functions and the utilization of a base-age invariant dummy variable method. This work also includes innovations to biomass estimation methodology in the form of a two-step fitting procedure and a simultaneous fit with the generalized method of moments (GMM) that takes into account heteroscedasticity and inherent correlations among the biomass components.
In this model system, three state variables (dominant height, number of trees per hectare and stand basal area) define the initial stand condition at any point in time. Therefore, three transition functions are used to predict the growth by updating the state variables. In accordance with García (1994) , the transition functions possess certain desirable properties: (i) consistency, which implies no change for zero elapsed time; (ii) path-invariance, where the result of projecting the state first from t 1 to t 2 , and then from t 2 to t 3 , must be the same as that of the one-step projection from t 1 to t 3 ; and (iii) causality, in that a change in the state can only be affected by inputs within the relevant time interval. Transition functions generated by integration of differential equations (or summation of difference equations when using discrete time intervals) satisfy these conditions and allow computation of the future state trajectory.
In the disaggregation system, a distribution function estimates the number of trees in each diameter class, once the state variables are known for a specific age. A generalized height-diameter relationship is used to estimate the height of the average tree in each diameter class. It is then possible to estimate total or merchantable volumes (which depend on specified log dimensions) by using a taper equation that uses the above predicted diameters and heights. Finally, biomass by diameter class and for different biomass components can be estimated using individual-tree biomass equations (which depend on the above predicted diameters and, in some cases, heights). The variables studied and the functions developed in this work are represented with white background symbols in Figure 1 . The functions already developed in previous studies are summarized in the Appendix.
Number of trees and stand basal area transition functions
The reduction in the number of trees due to mortality is mainly the result of competition for light, waterand soil nutrients within a stand (Peet and Christensen, 1987 ). The models reported by Diéguez-Aranda et al. (2005a) were the starting point for developing the transition function for number of trees per hectare. The stand basal area growth of an even-aged stand depends on age, number of trees, stand basal area and site productivity. While developing the transition function for stand basal area, an evaluation of the equations reported by Diéguez-Aranda et al. (2005b) , as well as the GADA (Cieszewski and Bailey, 2000) formulations tested by Castedo-Dorado et al. (2007b) , was carried out.
Initially, the transition functions for the number of trees and stand basal area were separately fitted to the re-measured plots (50 plots measured twice) using the base-age-invariant dummy variables method and the SAS/ETS w MODEL procedure (SAS Institute Inc., 2008). Because a significant correlation between the errors of both equations was observed, the functions were fitted again simultaneously with Nonlinear Seemingly Unrelated Regression (NSUR) and the same base-age-invariant dummy variables method, using the SAS/ETS w MODEL procedure.
Diameter distribution function
The diameter distribution function was required for the disaggregation system. A two-parameter Weibull function (equation 1) was used to model the diameter distribution of the 198 plot-inventory combinations (first inventory of 148 plots plus second inventory of 50 plots).
where x is the random variable, b the scale parameter of the function and c the shape parameter that controls the skewness.
Several methods for parameter estimation were preliminarily tested and compared for their goodness of fit (Cao, 2004) . A parameter recovery method through moments proved best. Moreover, this method guarantees that the sum of the disaggregated basal area obtained by the Weibull function equals the stand basal area provided by an explicit growth function of the variable. The function parameters were recovered from the first raw moment, which was the arithmetic mean diameter (d), and the second central moment, which was the variance of the distribution (var), estimated by the arithmetic and the quadratic mean diameters (d g 
using equations 2 and 3 (Cao et al., 1982) .
where G is the Gamma function.
Once the mean and the variance of the diameter distribution are known at any specific time, and taking into account that equation 2 only depends on parameter c, the latter could be obtained using an iterative procedure. Parameter b could then be calculated directly from equation (3). As this model system allowed prediction of quadratic mean diameter directly from number of trees per hectare and stand basal area, the arithmetic mean diameter was the only variable to be modelled through a relationship with the quadratic mean diameter and other stand-level variables using following equation.
where X is a vector of known stand variables and b is a vector of parameters to be estimated. This equation was fitted analyzing different combinations of stand variables as predictors and by ordinary nonlinear least squares (ONLS) using the SAS/ETS w MODEL procedure.
Biomass estimation
For the biomass estimation models, linear and power functions were first fitted for the different biomass components and the best one selected for Forestry each component. Then a system of equations with cross-equation constraints on the structural parameters and cross-equation error correlation was defined for predicting components and total aboveground biomass with additivity (Parresol, 2001; Bi et al., 2010) . The system had the following general formulation:
where w i represents the biomass estimation for the ith component, w total is the total aboveground tree biomass, x j are independent variables, b i0 and b ij are parameters to be estimated in the fitting process, and 1 i and 1 t are intercorrelated error terms. Because some components were not available for all the trees (branches ,2 cm in diameter and foliage), a two-step fitting procedure was used. First, the two equations for estimation of foliage and branch biomass ,2 cm in diameter, and a third combining both foliage and branch biomass, were simultaneously fitted. Second, a system of equations to estimate the remaining biomass components as well as total biomass (including estimations for leaves and branches ,2 cm in diameter carried out with the combined equation) were simultaneously fitted.
Equations were fitted using the GMM of the MODEL procedure of SAS/ ETS w . This method produces efficient parameter estimates under heteroscedastic conditions, without requiring any specification of the nature of the heteroscedasticity (Greene, 2000; SAS Institute Inc., 2008) . One problem encountered in estimating the system of equations for biomass estimation was that the error term of the equation for total aboveground tree biomass was a linear combination of the error terms of the biomass component equations, which led to a singular cross-equation variance-covariance matrix. In SAS, this problem may be overcome by computing a generalized inverse of the variance-covariance matrix, by setting the part of the matrix for total biomass to zero. Although this procedure avoided the problem of singularity by ignoring the correlations between the error term for the total biomass and the error terms for other biomass components, the cross-equation constraints on the structural parameters were still applied in the parameter estimation . The parameters estimated by fitting the biomass component equations simultaneously, without considering the equation for total biomass, are therefore not the same.
The predictions of aboveground woody biomass (excluding leaves) for trees of different diameters were compared with the results obtained with equations developed for birch elsewhere in Europe: for Betula species in UK (Bunce, 1968) , Sweden (Marklund, 1988) and Finland (Repola, 2008) ; and for B. pubescens in Iceland (Snorrason and Einarsson, 2006) . The reference functions all used tree diameter as an independent variable. The diameter range used to develop these equations was similar in all cases (from 3 cm to 35 cm), and this corresponded with the ranges used in this study. The equation for total aboveground biomass in Iceland included a leaf component and, therefore, the value of woody biomass should be slightly lower than the model prediction. Moreover, this equation used diameter at 0.5 m aboveground level, rather than at 1.3 m, as an independent variable. This diameter was estimated using the taper equation in the Appendix.
Selection and evaluation of models
The comparison of the estimates of the fitted models was based on numerical and graphical analyses. The graphical analyses included plots of residuals against the estimated values, and plots of the fitted curves overlaid on the trajectories of different variables. The numerical analysis consisted of a comparison of three statistical criteria obtained from the residuals: the coefficient of determination (R 2 ) (equation 6), which indicated the proportion of the total variance that was explained by the model; the root mean square error (RMSE) (equation 7); and Schwarz's Bayesian Information Criteria (BIC) (equation 8). The RMSE was useful because it is expressed in the same units as the dependent variable, giving an idea of the mean error when using the model. Both RMSE and BIC penalize models with more parameters, according to the general principle of scientific simplicity.
where Y i ,Ŷ i and Y are the measured, estimated and average values of the dependent variable, respectively, n is the total number of observations used to fit the model, p is the number of model parameters, and log is the natural logarithm.
As new independent data were not available to carry out a real validation of the models (Kozak and Kozak, 2003; Yang et al., 2004) , the observed state variables for the first inventory of the 50 plots measured twice were used to evaluate projections of the developed transition functions from the first to the second inventory. The projection length ranged from 7 to 10 years. Estimates of number of trees per hectare and stand basal area were evaluated in terms of the critical error (Huang et al., 2003) computed by re-arranging Freese's statistic (Freese, 1960) :
where E crit. is the critical error, expressed as a percentage of the observed mean, t a standard normal deviate at the specified probability level (t ¼ 1.96 for a ¼ 0.05), x 2 crit. is the value for the x 2 distribution obtained for a ¼ 0.05 and n degrees of freedom, and the remaining variables are as previously defined.
If the specified allowable error expressed as a percentage of the observed mean was within the limit of the critical error, the x 2 n test could indicate that the model did not provide satisfactory predictions; otherwise, predictions were acceptable.
The Kolmogorov-Smirnov test was used to assess if the Weibull function was appropriate to describe the diameter distributions (Cao, 2004) . Finally, the contrast of White (1980) and the Condition Number (Belsley, 1991) were used to evaluate heteroscedasticity and multicollinearity, respectively, in the development of biomass equations.
Results
Number of trees and stand basal area transition functions
A modification of the model of Clutter and Jones (1980) (Equation 10 ) and a GADA formulation derived from the model of Korf (cited in Lundqvist, 1957) (Equation 11) were selected as the most appropriate functions to predict tree number reduction and stand basal area growth, respectively. The Pearson product moment correlation between the residuals from the separate fitting of these two models was 0.28, indicating a relationship between them. Simultaneous fitting of these two models using NSUR dealt with this problem. The goodness-of-fit statistics were R 2 ¼ 0. (Figures 2 and 3) showed similar behaviour between observed and predicted values. All parameters were significant at the 5 per cent level. The plots of residuals against estimated values (Figure 4) showed a random pattern of residuals around zero, with homogeneous variance and no detectable trends. Critical errors of 19 and 16 per cent were obtained, respectively, for number of trees and stand basal area predictions when projecting the variables from the first to the second inventory in the twice-measured 50 plots. where N 1 , G 1 , S and t 1 represent the predictor number of trees per hectare, stand basal area (m 2 ha 21 ), site index (m, see Appendix) and age (years), respectively; and N 2 and G 2 are, respectively, the predicted number of trees per hectare and stand basal area (m 2 ha 21 ) at age t 2 (years).
Diameter distribution function
The Weibull function modelled successfully all but four of the 198 diameter distributions, based on the Kolmogorov -Smirnov test at 5 per cent level. Equation 12 was selected for predicting arithmetic mean diameter and for use in the parameter recovery approach for the diameter distribution. All parameters were significant at 5 per cent level and the plot of residuals against estimated values (Figure 4) showed a random pattern of residuals around zero, with homogeneous variance and no trends.
where d is the predicted arithmetic mean diameter (cm), d g the quadratic mean diameter (cm), H the dominant height (m) and S the site index (m). The goodness-of-fit statistics were R 2 ¼ 0.99 and RMSE ¼ 0.31 cm.
Biomass estimation
In the selection of models for each biomass component, diameter and height provided the best results as independent variables in the equations for predicting biomass with diameter .7 cm and leaf components. For the other components, the parameters associated with height were not significant, or models including this variable were less accurate. Because of observed heteroscedasticity (see Figure 4) , the GMM was used in model fitting. The system of tree biomass equations was as follows: where w fb is biomass .7 cm (stem and branches with diameter .7 cm) (kg tree 21 ), w b27 is biomass for branches with diameter from 2 to 7 cm (kg tree 21 ), w b02 is biomass for branches with diameter ,2 cm (kg tree 21 ), w l is biomass for leaves (kg tree 21 ) and w total is total aboveground tree biomass (kg tree
21
). All parameters were significant at the 5 per cent level and the plots of residuals against estimated values showed a random pattern of residuals around zero (see Figure 4) . The best fits were obtained for the equations of biomass with diameter .7 cm and A dynamic volume and biomass growth model system total biomass. All the equations performed well and explained between 85 and 98 per cent of the observed variability. The RMSE values (kg tree 21 ) were 21.0, 6.9, 3.7, 0.9 and 22.9 for w fb , w b27 , w b02 , w l , and w total , respectively. The Condition Number obtained in the fitting of the system of equations was 64.6, indicating no serious problems associated with multicollinearity.
In Figure 5 , a comparison is presented of the predictions of aboveground woody tree biomass using equations developed in this study and other equations developed for birch in Europe. Average height was estimated for each diameter class because this variable was included in some of the equations developed in this study. To estimate individual tree heights, an average population h-d relationship (i.e. only diameter at breast height was used as an explanatory variable) was fitted to the dataset, using ONLS (equation 14).
The equations developed in this study predicted the highest individual tree, aboveground woody biomass compared with estimates produced using equations developed in northern Europe.
Discussion
The model system presented in this study is a disaggregated stand model and requires four state variables for simulation: stand age, dominant height, number of trees per hectare and stand basal area. These variables are all normally measured in Spanish forest inventories. In this model system it was assumed that the dominant height was not altered by silvicultural treatments; therefore, the model should only be used if thinnings from below or systematic thinnings are applied.
The equation selected for estimating the reduction of trees per hectare (equation 10) included site index in its formulation. This result was consistent with previous studies in which higher mortality was related to better productivity (Eid and Tuhus, 2001; Yao et al., 2001; Diéguez-Aranda et al., 2005a) . Highest productivity usually increases the growth rate of the largest (dominant) trees. These large, rapidly growing trees quickly induce mortality in subdominant trees, through asymmetric competition for available resources such as light. The net effect is a higher mortality rate (concentrated in the suppressed trees) and more rapid stand development, a phenomenon called the Sukatschew effect (Harper, 1977; Bi, 2004) . However, the impact of site quality on mortality is not straightforward. In some studies, lower mortality was related to better productivity (Woollons, 1998) , and Zhao et al. (2007) found opposite results for loblolly pine (Pinus taeda Engelm.) growing in different regions. Moreover, good sites are expected to support higher stocking rates than sites of lower productivity (Vanclay, 1994) . Bi (2001) related mortality with site occupancy (Bi et al., 2000) ,which is a relative measure that indicates the degree to which a stand has occupied the growing space and utilizes the available resources for growth. Both the site occupancy of a stand and the size of individuals that compose it need to be considered for accurate predictions of mortality of trees in even-aged, pure stands (Bi, 2001) , and both variables are basically taken into account in equation 10 by including a measure of site productivity and a measure of stock at a specific age.
The highest stand basal areas in the dataset (i.e., stand basal area over 40 m 2 ha
21
) are associated with the smallest plots and probably do not represent the full stands in which they were obtained. However, it is important to include these extreme data in order to be able to specify the behaviour of the model system over the full range of stands it may be used for in the future. Some studies (Pienaar and Shiver, 1984; Amateis, 2000; Á lvarezGonzá lez et al., 2010) concluded that there was a slight difference in the stand basal area growth in thinned and unthinned stands of the same initial age, site index and stand basal area. However, Clutter et al. (1992) concluded that in thinning experiments involving even-aged stands, the effects of stand density variation on stand basal area or volume growth have been inconsistent. They stated that the results of most studies support the general conclusion that thinning treatments do not significantly affect growth, except where severe overcrowding would greatly restrict root and crown development in an unthinned stand, or where stand density is reduced so severely by thinning that the site is clearly underutilized for some time. Clutter et al. (1992 ), Barrio Anta et al. (2006 and Castedo -Dorado et al. (2007b) proposed the same stand basal area growth equation for thinned and unthinned stands, assuming that the thinning effect was an inherent part of the model. These authors concluded that any contradictory results relating to the 'thinning effects theory' may be at least partly attributable to the specific structure of the experimental datasets. Moreover, as in this study, heavy thinning treatments were not considered by Barrio Anta et al. (2006) and CastedoDorado et al. (2007b) , and the effect of low thinning does not seem to be very important (García, 1990) .
Considering the accuracy required for forest growth modelling, where a mean prediction error of the observed mean at 95 per cent confidence intervals within+10220 per cent is generally realistic and reasonable (Huang et al., 2003) , it can be stated, on the basis of the critical error statistics obtained, that the density and stand basal area transition functions provided satisfactory predictions. The disaggregated stand model presented in this study should be used with caution in young stands (,10 years), Figure 5 Comparison of predicted total aboveground woody individualtree biomass (stem and branches) against diameter at breast height using the birch biomass equations developed for NW Spain (in this study), UK (Bunce, 1968) , Sweden (Marklund, 1988) , Finland (Repola, 2008) and Iceland (Snorrason and Einarsson, 2006) . *The equation for Iceland includes the leaf component.
Forestry because at young ages erratic height growth may lead to erroneous site classifications. Moreover, the plots used in fitting the tree number reduction and stand basal area growth transition functions had a minimum age of 12 years. In general, it is recommended that the ages for the simulation range between the minimum and maximum values of the data used in the development of the model system, because accuracy of predictions decreases as projections are made outside this range (Weiskittel et al., 2011) . However, the predicted trajectories of the state variables (H, N and G) showed appropriate trends, logical asymptotes and a similar behaviour to observed values (Diéguez-Aranda et al., 2006b; Figures 2 and 3, respectively) . Therefore, predictions outside the range of the development dataset could be useful within reasonable limits (e.g. in order to compare with growth and yield in other countries, it might be justifiable to make predictions at 70 -80 years).
The developed system of additive biomass equations eliminated the logical inconsistency between the sum of predicted values for the components and a prediction of total biomass (Kozak, 1970) . In addition, since the inherent correlation among biomass components was taken into account, the equations were more efficient statistically (Parresol, 1999 (Parresol, , 2001 ). The equations developed in this study predicted the highest individual tree, aboveground woody biomass compared with results obtained from equations developed in northern Europe ( Figure 5 ). Since the range of diameters in the datasets used to develop the equations was similar, the differences might be caused by other tree characteristics or stand characteristics. For instance in relation to the trees, in Iceland the maximum tree height was 11 m and in this study it was 26 m, while the equations developed in Sweden estimated the proportions of stem vs branch biomass at 80 -20 per cent, for the range of diameters shown in Figure 5 , and the equations developed in this study estimated these proportions as 70 -30 per cent. In terms of stand characteristics, the differences might for instance be caused by the fact that in the UK and Finland, the datasets were from mixed stands, or the higher density of stands in northern Europe compared with those in Galicia. Moreover, in contrast with the other studies, this study was developed in a temperate zone. The general equation developed by Schroeder et al. (1997) for estimate aboveground tree biomass for temperate broadleaf species (including birch) in the USA generates similar results as the biomass equations developed in this study. At the same time, the model system predicts a mean aboveground total biomass growth of 2 -8 Mg ha 21 year 21 for the data used in this study. Considering an average of 50 per cent of carbon, the whole stand C sinks would be 1 -4 Mg ha 21 year 21 , which is consistent with the values reported by Nabuurs and Schelhaas (2003) , i.e. whole stand C sinks between 2-3 Mg ha 21 year 21 for deciduous species in Galicia. Finally, the results underline the importance of parameterizing equations for the specific region, and that equations developed in northern Europe should be used with caution in southern Europe. The model system presented in this study predicts a maximum mean annual increment (MAI) of 3-10 m 3 ha 21 year 21 with optimal volume rotations between 30 and 60 years. Higher volume yield over shorter rotations was observed than in northern and central Europe. According to the Finnish yield tables (Koivisto, 1959) , MAI varies between 4 and 6.75 m 3 ha 21 year 21 in naturally regenerated birch stands and according to the yield tables for silver birch in Central Europe (Schwappach, 1903) Barrett, 2001, 2002) .
In northern Europe, the main aim of growing downy birch has been to produce low-cost pulpwood and fuelwood; therefore, heavy pre-commercial and commercial thinnings are not recommended (Hynynen et al., 2010) . If the management goal is the production of fuelwood, these authors recommend carrying out only one thinning when dominant height is 10 -11 m, and for pulpwood production to carry out two thinnings (the first when dominant height is 4 -6 m to a density of 2000 -2500 trees ha 21 and the second when dominant height is 13 -14 m to a density of 1000 trees ha
). In southwest Europe there are other species more appropriate for pulpwood production; therefore, downy birch should be considered on poor sites for improvement and fuelwood production and on good sites to grow veneer or sawlog. According to Á lvarez Á lvarez et al. (2000) , to produce quality timber in birch, four thinnings are necessary to sufficiently reduce stand density: the first at 2-3 years to 1300 trees ha 21 (not necessary in plantations with an initial density of 1100 trees ha 21 , i.e. trees at 3 × 3 m), the second at 10-15 years to 800 trees ha 21 , the third at 20 years to 500 trees ha
, and the final thinning at 25 years to 300 trees ha 21 . The final cutting takes place at the age 40-45 years. Figure 6 shows the changes in stand volume predicted by this model system for this silvicultural regime, for an average to high site index stand (H ¼ 15 m at 20 years).
The relatively simple structure of the model system completed in this study (Figure 1 ) makes it suitable for use with decision support systems that enable forest managers to optimize management strategies (Gadow and Pukkala, 2008) , taking into account economic aspects (timber production) and environmental considerations related to climate change (biomass production). Nevertheless, because of the large number of calculations needed to obtain outputs (especially those involving the use of the disaggregation system), the model has been integrated into Figure 6 Simulation of changes in stand volume for the silvicultural regime proposed by Á lvarez Á lvarez et al. (2000) and for an average to high site index stand (H ¼ 15 m at 20 years).
A dynamic volume and biomass growth model system a forest growth simulator called GesMO# 2.1 (GesMO Support, 2012) to facilitate its practical use by forest managers.
